The glial cell line-derived neurotrophic factor (GDNF) is first characterized for its trophic activity on dopaminergic neurons. Recent data suggested that GDNF could modulate the neuronal death induced by ischemia. The purpose of this study was to characterize the influence of GDNF on cultured cortical neurons subjected to two paradigms of injury (necrosis and apoptosis) that have been identified during cerebral ischemia and to determine the molecular mechanisms involved. First, we demonstrated that both neurons and astrocytes express the mRNA and the protein for GDNF and its receptor complex (GFR␣-1 and c-Ret). Next, we showed that the application of recombinant human GDNF to cortical neurons and astrocytes induces the activation of the MAP kinase (MAPK) pathway, as visualized by an increase in the phosphorylated forms of extracellular signal-regulated kinases (ERKs). Thereafter, we demonstrated that GDNF fails to prevent apoptotic neuronal death but selectively attenuates slowly triggered NMDA-induced excitotoxic neuronal death via a direct effect on cortical neurons. To further characterize the neuroprotective mechanisms of GDNF against NMDA-mediated neuronal death, we showed that a pretreatment with GDNF reduces NMDA-induced calcium influx. This effect likely results from a reduction of NMDA receptor activity rather than an enhanced buffering or extrusion capacity for calcium. Finally, we also demonstrated that an ERKs activation pathway is necessary for GDNF-mediated reduction of the NMDA-induced calcium response. Together, these results describe a novel mechanism by which the activation of MAPK induced by GDNF modulates NMDA receptor activity, a mechanism that could be responsible for the neuroprotective effect of GDNF in acute brain injury.
The glial cell line-derived neurotrophic factor (GDNF) is first characterized for its trophic activity on dopaminergic neurons. Recent data suggested that GDNF could modulate the neuronal death induced by ischemia. The purpose of this study was to characterize the influence of GDNF on cultured cortical neurons subjected to two paradigms of injury (necrosis and apoptosis) that have been identified during cerebral ischemia and to determine the molecular mechanisms involved. First, we demonstrated that both neurons and astrocytes express the mRNA and the protein for GDNF and its receptor complex (GFR␣-1 and c-Ret). Next, we showed that the application of recombinant human GDNF to cortical neurons and astrocytes induces the activation of the MAP kinase (MAPK) pathway, as visualized by an increase in the phosphorylated forms of extracellular signal-regulated kinases (ERKs) . Thereafter, we demonstrated that GDNF fails to prevent apoptotic neuronal death but selectively attenuates slowly triggered NMDA-induced excitotoxic neuronal death via a direct effect on cortical neurons. To further characterize the neuroprotective mechanisms of GDNF against NMDA-mediated neuronal death, we showed that a pretreatment with GDNF reduces NMDA-induced calcium influx. This effect likely results from a reduction of NMDA receptor activity rather than an enhanced buffering or extrusion capacity for calcium. Finally, we also demonstrated that an ERKs activation pathway is necessary for GDNF-mediated reduction of the NMDA-induced calcium response. Together, these results describe a novel mechanism by which the activation of MAPK induced by GDNF modulates NMDA receptor activity, a mechanism that could be responsible for the neuroprotective effect of GDNF in acute brain injury.
Key words: GDNF; excitotoxicity; apoptosis; NMDA receptor; Fura-2; MAPK Ischemia-induced neuronal injury is thought to result from an excessive release of excitatory amino acids and the subsequent activation of their postsynaptic receptors. This excitotoxic pathway may also contribute to brain and spinal cord cell loss after various acute insults. The first step in the excitotoxic cascade is mediated by the activation of ion channel-linked glutamate receptors, especially NMDA receptors, probably because of their high calcium (Ca 2ϩ ) permeability (Choi, 1995) . The subsequent activation of cytoplasmic Ca 2ϩ -dependent enzymes has been proposed to mediate the final excitotoxicity. More recently, various clues have emerged to suggest that both global and focal ischemia may have an apoptotic component (Linnik et al., 1993; MacManus et al., 1993) .
Because of their capacity to promote neuronal survival during embryogenesis, the use of growth factors has been proposed to limit the consequences of cerebral ischemia. Among these cytokines, a structurally related family has gained prominence because of its high level of expression in biopsies of patients with acute brain injury or neurodegenerative diseases, i.e. the transforming growth factor-␤s (TGF-␤s) (Pratt and McPherson, 1997) . Although the beneficial effects of TGF-␤ have been well studied (Buisson et al., 1998) , questions have arisen about the role of a distant member of the TGF-␤ family, the GDNF, during brain injury.
The GDNF transcript has been detected in all major brain regions (Schaar et al., 1993) . Based on an expression strategy to identify high affinity binding proteins, the GDNF receptor ␣-1 (GFR␣-1) has been cloned (Jing et al., 1996; Treanor et al., 1996) . It is a protein anchored to the cell surface by a glycosylphosphatidyl inositol (GPI) devoid of an associated kinase activity. The signaling component of the GDNF receptor has been identified as the tyrosine kinase receptor encoded by the protooncogene c-Ret (Durbec et al., 1996; Trupp et al., 1996) . After binding to its specific receptor complex, GDNF activates several downstream intracellular pathways, including mitogen-activated protein kinase (MAPK) (Worby et al., 1996) and PI-3 kinase (Soler et al., 1999) , resulting in long-term changes in gene expression (Messer et al., 1999) .
GDNF was first characterized as a potent neurotrophic factor for dopaminergic and motor neurons (Lin et al., 1993; Henderson et al., 1994) . To date, several studies have revealed a neuroprotective influence of GDNF against various toxic challenges (Krieglstein et al., 1995) . Recently, it has been suggested that GDNF could also modulate neuronal death induced by acute brain injury (Wang et al., 1997) . In this study, these authors demonstrated that, after middle cerebral artery occlusion (MCAo) in rodents, the application of GDNF reduces the infarcted volume. Although the neuroprotective activity of GDNF against ischemia-induced neuronal death is now well established Kitagawa et al., 1998) , little is known about the mechanisms that underpin this neuroprotection. The purpose of the present study was to determine the influence of GDNF on apoptosis and necrosis, two different paradigms of neuronal death that have been identified during cerebral ischemia, and to explore the molecular mechanisms by which GDNF exerts its effect.
MATERIALS AND METHODS
PCR-reverse transcriptase system kits, Wizard Plus Minipreps DNA Purification System, and U0126 were purchased from Promega (Charbonnières, France). DM EM, poly-D-lysine, laminin, cytosine ␤-Darabinof uranoside (Ara-C), staurosporine (Stp), E xtrAvidin, and cycloheximide were obtained from Sigma (L'Isle D'Abeau, France). Horse serum and fetal bovine serum were from Life Technologies (C ergy Pontoise, France). Recombinant human GDN F (rhGDN F) was obtained from R&D Systems (Oxon, UK), and antibodies raised against GDN F, GFR␣-1, c-Ret, extracellular signal-regulated kinase 1 (ERK1), phospho-ERK s (p-ERK s), p-c-Jun N-terminal protein kinase (p-JN K), and p-38 were purchased from Santa Cruz (Heidelberg, Germany). NMDA, AM PA, kainate, and (ϩ)5-methyl-10,11-dihydro-5H-dibenzo (a,d)cyclohepten-5,10-imine maleate (M K-801) were from Tocris (Bristol, UK).
Mixed cortical cultures
Mixed cortical cultures containing both neurons and astrocytes were prepared from fetal OF1 mice at 14 -16 d gestation, as described by Rose et al. (1993) . Briefly, dissociated cortical cells were plated in 24 wells on a layer of confluent astrocytes, using a medium stock (MS; M EM with 25 mM glucose) supplemented with 5% horse serum, 5% fetal bovine serum, and 2 mM glutamine. After 7 d in vitro (DIV), non-neuronal cell division was halted by a 1-3 d exposure to 10 M Ara-C. Subsequent partial medium replacement was performed twice a week, and after 12 DIV, cultures were shifted to a maintenance medium identical to plating medium but lacking serum. Cultures were used after 14 DIV.
Glial cultures
Glial cell cultures were prepared from postnatal mice (1-3 d after birth), as described previously (Rose et al., 1993) . Dissociated cortical cells were grown in multiwell vessels using a plating medium of MS supplemented with 10% horse serum, 10% fetal bovine serum, and 2 mM glutamine. Cultures were kept at 37°C in a humidified 5% C O 2 -containing atmosphere until they reached confluency (7-14 DIV). Confluent cultures were used then as a support for mixed cultures.
Near pure neuronal cell cultures
These cultures containing Ͻ5% astrocytes were prepared as detailed previously (Rose et al., 1993) . Dissociated cortical cells in MS supplemented with 5% fetal bovine, 5% horse serum, and 2 mM glutamine were plated in multiwell vessels that had been coated previously with poly-Dlysine and laminin. After 3 DIV, non-neuronal cell division was halted by an exposure to 10 M Ara-C. There was no f urther exchange of the media. After 12 DIV, cultures did not need the presence of serum to survive. They were shifted to a maintenance medium identical to plating medium but lacking serum. Cultures were used after 7 DIV for serum deprivation (SD) and after 13-14 DIV for excitotoxic injury.
Reverse transcription and PCR
Total RNAs were isolated from mouse cerebral cortices and murine cell cultures through the use of either the RNAxel kit (Eurobio, Les Ulis, France) or the Rneasy K it (Qiagen, Courtaboeuf, France). One microgram of total RNAs was reverse transcribed into cDNA using poly-dT oligonucleotides. Then, an aliquot of the cDNA libraries was amplified using sense and antisense primers for GDNF (640 bp, 45 cycles), GFR␣-1 (351 bp, 38 cycles), and c-Ret (615 bp, 40 cycles). The number of PCR cycles was chosen, corresponding to 50% of the saturating curve of each PCR product. The following constructs were used: GDNF sense oligonucleotide, ATG AAG TTA TGG GAT GTC GT, and antisense oligonucleotide, CAG GGT CAG ATA CAT CCA CA; GFR␣-1 sense oligonucleotide, CAT GTT CCT AGC CAC TCT GT, and antisense oligonucleotide, TCCAGT AGG TCA TTT CCC TG; c-Ret sense oligonucleotide, TGT ATG TAG ACC AGC CAG CT, and antisense oligonucleotide, ACT ATG CAC AAA GCC TCC AG. Amplified products were separated by 1.5% agarose gel electrophoresis and visualized by ethidium bromide staining.
SDS-PAGE and Western blot
The cerebral cortex of adult mouse and the murine-cultured cortical neurons (DIV 14) and astrocytes (confluent cultures) were lysed in Tris-NaC l -Triton buffer and centrif uged for 5 min (2500 rpm) to obtain whole-cell extracts. Then, an SDS-PAGE (polyacrylamide percentage, 20% for GDN F and 12% for GFR␣-1 and c-Ret) was performed before immobilization onto a poly vinylidene difluoride membrane. Blots were exposed for 1 hr at room temperature to the primary antibody (anti-Ret, 1:100; anti-GFR␣-1, 1:100; anti-GDN F, 1:100) in a blocking reagent [Tris-buffered saline (TBS): Tris 10 mM and NaC l 200 mM, pH 7.4] containing 0.1% T ween 20, 5% dry milk. The membranes were washed and incubated for 1 hr with the appropriate secondary biotin-conjugated antibody (1:1000) and then for 1 hr with E xtrAvidin (1:2000) before revelation using a chemiluminescence kit (N EN, Paris, France).
Immunocytochemistry
Murine cortical cultures (DIV 14) were fixed in 4% paraformaldehyde in PBS, pH 7.4, for 30 min. After two rinsings in PBS, the preparations were incubated overnight with the primary antibody raised against either GDN F or GDN F receptors (GDN F, GFR␣-1, and c-Ret, 1:100 in PBS, plus 1% BSA and 0.1% T ween). C ells were then washed and incubated for 1 hr with the appropriate secondary biotin-conjugated antibody. Antibody -antigen complexes were amplified with avidin (Vectastain ABC K it; Vector Laboratories, Burlingame, CA) and revealed by H 2 O 2 -peroxidase reaction.
Analysis of p-ERKs
Murine-cultured cortical neurons (DIV 14) and astrocytes (confluent cultures) were lysed in a buffer containing 1 mM sodium orthovanadate and phosphatase inhibitors mixture (Sigma, L'Isle D'Abeau, France). After homogenization, the protein concentration was measured by Bradford's method, using BSA as the standard. Equivalent amounts of protein for each sample were resolved in 15% SDS-PAGE that was blotted electrophoretically to poly vinylidene difluoride membranes. Blots were incubated with the p-ERK antibody (1:200), followed by incubation with the appropriate secondary biotin-conjugated antibody (1:1000) and then with E xtrAvidin (1:2000) before revelation using a chemiluminescence kit (N EN, Paris, France). The blots were then incubated in stripping buffer (62 mM Tris HC l, pH 6.8, 2% SDS, and 100 mM ␤-mercaptoethanol) for 30 min at 50°C, followed by incubation with TBS containing 0.1% T ween 20, 5% dry milk. The blots were then incubated with an ERK1 polyclonal antibody (1:200) that binds to ERK1 and ERK2.
Excitotoxicity
Slowly triggered excitotoxicity was induced at 37°C by 24 hr exposure to 12.5 M NMDA, 10 M AMPA, or 50 M kainate in MS supplemented with 10 M glycine (Choi, 1992) . M K-801 (10 M) was always added concurrently with AM PA or kainate to block secondary NMDA receptor activation. rhGDN F was coapplied with the excitotoxin and left in the bathing media for 24 hr. Neuronal death was estimated by examination of the cultures under phase-contrast microscopy and quantified by the measurement of lactate dehydrogenase (LDH) release from damaged cells into the bathing medium 1 d after the onset of excitotoxin exposure (Koh and Choi, 1987) . The LDH level corresponding to complete neuronal death (without glial death) was determined in sister cultures exposed to 200 M NMDA. Background LDH levels were determined in sister cultures subjected to sham wash and subtracted from experimental values to yield the signal specific for experimentally induced injury.
Apoptosis
Serum deprivation. SD was initiated by transferring pure neuronal cultures (DIV 7), which require serum to survive for 24 hr, into growth medium (MS) lacking serum (Martin et al., 1988) in the presence or absence of rhGDN F. The control consisted of sham wash with serumcontaining medium. Secondary NMDA receptor activation was blocked by addition of M K-801 to the bathing medium. Neuronal cell death was assessed by phase-contrast cell counting after staining with 0.4% trypan blue dye.
Staurosporine-induced apoptosis. Stp exposure was performed at 37°C for 24 hr by transferring mixed cortical cell cultures in MS supplemented with glycine (10 M), containing 200 nM Stp with or without rhGDN F. To confirm the neuronal death as apoptotic, the protein synthesis inhibitor cycloheximide (1 g /ml) was administered with Stp in an additional set of cultured cells. M K-801 (10 M) was always added concurrently with Stp to block secondary NMDA receptor activation. Neuronal cell death was assessed by the measurement of LDH release.
Anal ysis of DNA f ragmentation in agarose gel. Cortical cells were lysed at 4°C for 30 min in a buffer containing 0.2% SDS, 200 g /ml proteinase K, 50 g /ml RNase A. After treatment, DNA was extracted with Wizard Plus Minipreps DNA Purification System. DNA samples were loaded onto a 1.4% agarose gel and run at 90 V for 1 hr.
Intracellular f ree Ca 2ϩ measurement. C ell cultures were loaded with f ura-2 (30 min, room temperature) in 5 M f ura-2 AM plus 0.1% pluronic F-127 (Molecular Probes, Leiden, the Netherlands) and incubated for an additional 30 min in an H EPES-buffered saline solution. E xperiments were performed at room temperature, on the stage of a Nikon Eclipse inverted microscope equipped with a 75 W xenon lamp and a Nikon 40ϫ, 1.3 numerical aperture (NA) epifluorescence oil immersion objective. Fura-2 (excitation of 340 and 380 nm; emission of 510 nm) ratio images were acquired with a CCD camera (Princeton Instruments, Trenton, NJ) and digitized (256 ϫ 512 pixels) using Metafluor software (Universal Imaging Corporation, Chester, PA). Fluorescence ratios (340/380 nm) were converted to intracellular C a 2ϩ concentrations using the following formula:
where R is the ratio for observed 340/380 fluorescence ratio, R min is the ratio for a C a 2ϩ -free solution, R max is the ratio for a saturated C a 2ϩ solution, K d ϭ 135 nM (the dissociation constant for f ura-2), F 0 is the intensity of a C a 2ϩ -free solution at 380 nm, and F s is the intensity of a saturated C a 2ϩ solution at 380 nm. We analyzed 20 neurons per coverslip from three different dissections containing both neurons and astrocytes.
Statistical anal ysis. Results are expressed as mean Ϯ SEM. When n ϭ 12 is indicated, this value corresponds to 12 different well pools derived from three different dissections. Statistical analysis consisted of one-way ANOVA, followed by Bonferroni-Dunn's test. For the f ura-2 experiments, statistical analysis consisted of multiple ways ANOVA followed by Bonferroni-Dunn's test.
RESULTS

Cultured cortical astrocytes and neurons both display GDNF and GDNF receptors
The expression of GDNF and the GDNF receptor complex in murine cerebral cortex and murine cortical cultures was determined at the mRNA level. Each set of oligonucleotides used for reverse transcription-PCR studies gave the PCR products of the expected size (640 bp for GDNF, 351 bp for GFR␣-1, 615 bp for c-Ret), as illustrated in Figure 1, A, D, and G. To demonstrate the specificity of the PCR products, digest controls through the use of the internal restriction sites of the PCR products were performed (data not shown). These studies revealed that mRNAs for GDNF (Fig. 1 A) , GFR␣-1 (Fig. 1 D) , and c-Ret (Fig. 1G ) are expressed in murine cerebral cortex, cortical neurons, and astrocytes.
The expression of GDNF and GDNF receptor complex was characterized further at the protein level by immunoblotting and immunocytochemistry. Immunoblot that is performed from cerebral cortex lysate, cultured neurons, or astrocyte lysates with an anti-GDNF antibody reveals a single band (Fig. 1 B) at the expected molecular weight (20 kDa) . Similarly, immunoblot that is performed with an anti-GFR␣-1 antibody reveals the presence of two bands at the expected molecular weights (58 and 45 kDa) (Fig. 1 E) , corresponding to the glycosylated and nonglycosylated forms of GFR␣-1 (Jing et al., 1996) . Immunoblot that is performed with an anti-c-Ret antibody reveals the presence of a band (Fig. 1 H) , as previously described by Van Weering et al. (1998) , corresponding to a 170 kDa mature form at the plasma membrane. Together, these Comparison of protein expression of GDNF and GDNF receptor complex between murine cerebral cortex and cultured cortical neurons and astrocytes. Total RNAs of murine astrocytic (Ast) and neuronal (Neur) cortical cultures and murine cerebral cortex (Cx) were extracted and reverse transcribed using a poly-dT primer. A, D, G, PCR amplification was performed then using a specific set of primers for GDNF ( A), GFR␣-1 ( D), and c-Ret ( G). B, E, H, Western blot was performed on a lysate derived from murine cerebral cortex, neurons, or astrocyte cultures showing GDNF ( B) and GDNF receptor expression (E, H ). C, F, I, Immunocytochemistry analysis of GDNF and GDNF receptor components in cultured astrocytes and neurons. Bright-field photomicrographs of either pure cortical astrocytes or pure cortical neurons in culture, after fixation and peroxidase staining for antibodies raised against GDNF ( C), GFR␣-1 ( F), and c-Ret ( I ).
results reveal the expression of GDNF and GDNF receptor proteins in mice cerebral cortex, cortical neurons, and cortical astrocyte cultures. In the next experiment, we performed immunocytochemistry studies on pure cultured cortical neurons and astrocytes. We showed that both neurons and astrocytes in culture express GDNF and the GDNF receptor complex (GFR␣-1 and c-Ret) (Fig. 1C,F,I ). When the same experiments were performed without adding the primary antibody, we did not observe any nonspecific labeling (data not shown).
Neurons and astrocytes express a functional receptor complex
It has been demonstrated previously in dopaminergic neurons that the GDNF transduction pathway involves MAPK (Worby et al., 1996) . However, there is no information available about the transduction pathway in cortical neurons. Here, we performed an immunoblotting study with antibodies raised against the phosphorylated forms of ERKs (p-ERKs) on cortical neurons and astrocytes exposed to rhGDNF. Then, aliquots of whole-cell lysates were separated by SDS-PAGE and incubated with the anti-p-ERKs antibody. A representative temporal pattern of ERKs phosphorylation under GDNF exposure is shown in neurons (Fig. 2 A) and in astrocytes (Fig. 2 B) . In both cortical neurons and astrocytes, addition of rhGDNF (10 ng/ml) resulted in a rapid increase (15 min) in the phosphorylation of p44 (ERK1) and p42 (ERK2) that was maintained for the next 60 min of rhGDNF exposure to cortical neurons. The same blots were stripped and reprobed for total ERKs, showing that the treatment with rhGDNF modifies the phosphorylation level of ERKs but not the total level of ERK protein (Fig. 2 A, B) .
GDNF protects neurons against NMDA-induced cell death
To test whether GDNF modulates neuronal outcome after an ischemic insult, we studied the effects of rhGDNF on murine cortical cell cultures exposed to different paradigms of cell death (apoptosis and necrosis) identified during cerebral ischemia.
To induce apoptosis, near pure cortical neuronal cultures after 7 DIV were transferred to a serum-deficient medium (Martin et al., 1988) , which provoked the death of ϳ80% of neurons over 24 hr. This paradigm evidenced three features typical of apoptosis: (1) neurons exhibited a gradual shrinkage of the cell body; (2) death was almost completely abolished by the addition of cycloheximide (1 g/ml), a protein synthesis inhibitor (Fig. 3C,D) ; and (3) death was accompanied by a nuclear condensation (Fig. 3A) and appearance of DNA fragmentation (Fig. 3B) . Addition of rhGDNF to the bathing medium (1-10 ng/ml) failed to modify the progression and the extent of neuronal degeneration (Fig.  3C) . Neuronal apoptosis was also induced by exposing mixed neuron-glia cultures (14 DIV) to staurosporine (200 nM), a nonspecific protein kinase inhibitor, which caused a neuronal were transferred to a serum-deficient medium (SD). A, B, 24 hr after serum deprivation, the neurons were fixed and stained with DAPI to observe DNA condensation (A) or the DNA of cortical neurons was extracted and loaded onto an agarose gel to evidence DNA fragmentation ( B). C, D, Neuronal death percentage was assessed after 24 hr by trypan blue dye staining (mean Ϯ SEM; n ϭ 12) after SD ( C) or by LDH release (mean Ϯ SEM; n ϭ 12) after exposure of mixed cortical cultures (14 DIV) to staurosporine 200 nM (Stp) (D). SD and Stp exposure were performed in the presence ( gray bars) or absence (white bars) of rhGDNF and with or without 1 g/ml cycloheximide (CHX ). In both apoptotic paradigms, MK-801 was systematically added to block the secondary activation of NMDA receptors. * indicates significantly different from SD or STP by ANOVA, followed by Bonferroni-Dunn's test ( p Ͻ 0.05). degeneration evolving over 24 hr . Although cycloheximide treatment blocked the staurosporine-induced neuronal death, the addition of rhGDNF (1-10 ng/ml) was without effect (Fig. 3D) .
Thereafter, we investigated the influence of GDNF on excitotoxic necrosis, a process morphologically distinct from apoptosis and characterized by a prominent and early cell swelling. A 24 hr incubation with the ionotropic glutamatergic agonists NMDA, AMPA, and kainate induced necrosis (Rose et al., 1993) . Exposure of mixed cortical neuron-glia cultures (14 DIV) to these agonists produced acute swelling of neuronal cell bodies that was followed 24 hr later by a widespread neuronal degeneration, whereas the glia remained intact. Although the rhGDNF (1-10 ng/ml) failed to produce any neuroprotective effect against neuronal death induced by the exposure to non-NMDA agonists (AMPA and kainate) (Fig. 4 A) (n ϭ 10), this growth factor significantly reduced NMDA-induced necrotic neuronal death in mixed neuron-glia cultures. This neuroprotective effect was dose dependent (Fig. 4 B) (n ϭ 12; p Ͻ 0.05). We further investigated the influence of rhGDNF on excitotoxic neuronal death by applying NMDA (12.5 M) for 24 hr in near pure neuronal cultures (14 DIV) containing Ͻ5% of astrocytes, as determined by GFAP immunostaining (data not shown). In these cultures, rhGDNF (10 ng/ml) showed a neuroprotective activity against NMDAinduced necrotic death similar to that observed in mixed neuronglia cultures (Fig. 4C ) (n ϭ 12; p Ͻ 0.05).
A GPI-linked protein mediates the neuroprotective activity of GDNF
To further characterize the neuroprotective activity of GDNF, we attempted to demonstrate whether the GFR␣-1 receptor, a GPI-anchored protein, mediates the neuroprotective effect of GDNF. Mixed glial cultures were treated with phosphoinositidespecific phospholipase C (PIPLC; 0.3 IU/ml), an enzyme that cleaves the GPI moiety to the cell surface. As illustrated in Figure  5A , cultures exposed to NMDA (12.5 M for 24 hr) exhibited 50% neuronal death. The coincubation with rhGDNF (10 ng/ml) reduced by ϳ50% the NMDA-induced neuronal death (Fig. 5A) . The PIPLC pretreatment (0.3 IU/ml for 2 hr at 37°C) abolished the neuroprotective effect of rhGDNF (Fig. 5 A, B) (n ϭ 12; p Ͻ 0.05). PIPLC pretreatment alone did not affect neuronal survival and was without effect on the NMDA-induced neuronal death (Fig. 5B) . Overall, these results suggest that a GPI-linked protein mediates the neuroprotective activity of GDNF.
The neuroprotective effect of GDNF is independent of an antioxidant effect of GDNF treatment
The characteristic features of glutamate receptor activation are an intracellular accumulation of Ca 2ϩ that induces the production of cytotoxic molecules, including nitric oxide (Dawson et al., 1991) , and the production of free radicals (Coyle and Puttfarcken, 1993; Lafon-Cazal et al., 1993) . To determine the mechanisms by which GDNF reduces the NMDA-induced neurotoxicity, we tested the influence of rhGDNF incubation against free radicalmediated injury.
To induce free radical injury, mixed cultures of cortical neurons and glia (14 DIV) were exposed continuously for 24 hr to 35 M FeCl 2 . The Fe 2ϩ treatment induces the production of hydroxyl free radicals through the Fenton reaction (Halliwell, 1992) . As previously reported , mixed cortical cell cultures exhibit a marked neuronal cell body swelling that resulted in a widespread neuronal death 24 hr later, whereas the glia remained intact. The coincubation of Trolox (100 M), an antioxidant agent, totally blocked this Fe 2ϩ -mediated neuronal death, as reported by Chow et al. (1994) . In contrast, cotreatment with 10 ng/ml rhGDNF did not reduce neuronal death (Fig. 6) (n ϭ 12) . This result suggests that the GDNF neuroprotective activity on NMDA-mediated neuronal death is not caused by a free radical scavenging effect. 
The neuroprotective effect of GDNF results from a decrease of the NMDA-induced Ca 2؉ response in cortical neurons
Because the massive Ca 2ϩ influx through the glutamate receptors has been shown to be a critical event in excitotoxic neuronal death (MacDermott et al., 1986) , we examined the question of whether rhGDNF reduces NMDA and non-NMDA-induced Ca 2ϩ influx through the use of fura-2 fluorescence videomicroscopy.
To investigate the effect of rhGDNF on the NMDA response, we performed a 10 min exposure to NMDA (100 M) which produced a rapid increase in neuronal [Ca 2ϩ ] i that quickly achieved a plateau. The incubation with rhGDNF (10 ng/ml for 45 min at 37°C) before NMDA application reduced the plateau value (Fig. 7 A, B) (three experiments; 60 cells; p Ͻ 0.05). This GDNF-mediated reduction of the NMDA-induced intracellular Ca 2ϩ rise was abolished by a PIPLC pretreatment (0.3 IU/ml, 2 hr at 37°C) (Fig. 7B) . To test whether the GDNF-mediated reduction in the intracellular Ca 2ϩ rise might be the consequence of an enhanced Ca 2ϩ buffering capacity, we studied the effect of rhGDNF pretreatment on the KCl-induced Ca 2ϩ influx in the presence of an NMDA antagonist (MK-801; 10 M), a paradigm that induces an intracellular Ca 2ϩ rise independent of the NMDA receptor. A 50 mM KCl exposure produced a rapid increase in [Ca 2ϩ ] i influx into neurons with a peak value similar to that observed after an NMDA exposure (Fig. 7C) . The rh-GDNF treatment before the KCl exposure failed to modify the rise in intracellular Ca 2ϩ influx. Together, these results suggest that the GDNF neuroprotective effect might be attributable to a specific modulation of NMDA-induced Ca 2ϩ influx.
The ERKs signaling pathway is necessary for GDNF attenuation of NMDA-induced Ca 2؉ response
To determine whether the activation of the ERKs pathway by GDNF (Fig. 2 B) mediates the neuroprotection against NMDAinduced neuronal death, we treated mixed cortical neuron-glia cultures with the MAPK kinase (MEK) inhibitor, U0126. This compound has been described as a specific inhibitor of MEK without any effect on other kinases (Favata et al., 1998) . We showed that, although the addition of U0126 alone does not significantly affect cell viability in the presence or absence of NMDA, the neuroprotective activity of GDNF is blocked by the addition of U0126 (1 M) (Fig. 8 B) (n ϭ 12; p Ͻ 0.05). Concurrently, an immunoblotting study revealed that a treatment with U0126 (1 M) blocks the appearance of p-ERKs induced by a 15 min application of rhGDNF (10 ng/ml) (Fig. 8 A) without modifying the level of p-P38 or p-JNK (data not shown). We have determined the p-ERK Western blot signal for GDNF in the presence of NMDA with or without U0126. In these experiments, we showed that NMDA plus GDNF induces a greater increase in p-ERKs than NMDA alone at 15 min (Fig. 8 A) and 1 hr (data not shown). This effect is blocked by the addition of the inhibitor of ERK activation, U0126.
Finally, to further demonstrate that the ERKs phosphorylation induced by GDNF mediates the neuroprotective activity of GDNF, we studied the effect of the treatment with U0126 on the intracellular Ca 2ϩ influx induced by NMDA application (100 M). Although U0126 alone (1 M for 45 min before NMDA application) did not modify the NMDA-induced Ca 2ϩ response, this MEK inhibitor totally abolished the reduction of the NMDA-induced intracellular Ca 2ϩ influx that followed incubation with rhGDNF (10 ng/ml for 45 min) (Fig. 8C) .
DISCUSSION
Among the multiple roles played by TGF-␤ in the CNS, recent studies have suggested that it could be synthesized in response to different types of injury and act as an endogenous neuroprotective factor Ruocco et al., 1999) . According to this hypothesis, GDNF, a distant member of the TGF-␤ family, the expression of which is increased in the cortex after MCAo , has been identified as a potent neuroprotective agent. Indeed, various studies have revealed that the application of GDNF reduces the extent of neuronal injury induced by MCAo in rats Wang et al., 1997; Kitagawa et al., 1998) . However, little is known about the molecular mechanisms involved in this effect. Here, we characterize the influence of GDNF on cortical neurons subjected to two paradigms of injury (necrosis and apoptosis) (Choi, 1992) that have been identified during cerebral ischemia and determine the intracellular mechanism(s) involved. The major findings are as follows: (1) in cortical neurons, GDNF exerts a selective neuroprotective activity against NMDA-induced neuronal death; (2) this neuroprotective activity of GDNF is caused by a reduction of the NMDA-induced Ca 2ϩ influx; and (3) the neuroprotective effect of GDNF involves the activation of ERKs.
Cortical neurons and astrocytes express functional GDNF receptor complex
To investigate the role of GDNF during ischemic brain injury, we used cortical murine cultures . First, we checked whether this culture system was suitable for the study of the effect of GDNF. We demonstrated that both cultured neurons and astrocytes express the mRNA and the protein for both GDNF and its receptor complex, GFR␣-1 and c-Ret. The profile of expression identified in cortical cultures is similar to that observed in the adult murine cerebral cortex. These data are in accordance with previous studies (Kitagawa et al., 1999; Wei et al., 2000) and validate the use of cortical murine cultures to study the effect of GDNF. Our results also suggest that cortical neurons and astrocytes express the receptor complex necessary for the transduction of GDNF signaling. This possibility was confirmed by showing that a GDNF application induces a phosphorylationmediated activation of ERKs in both cortical astrocytes and neurons.
GDNF reduces NMDA-induced neuronal death
To investigate the influence of GDNF during cerebral ischemia, cultured cortical neurons and astrocytes were submitted to apoptotis or excitotoxicity. To examine the effects of GDNF on apoptosis, cortical cell cultures were exposed to two apoptotic challenges (serum deprivation and staurosporine exposure). In both cases, the application of rhGDNF failed to prevent neuronal death, whereas cycloheximide succeeded. Because various reports have described survival-promoting properties of GDNF on dopaminergic and peripheral sensory neurons (Lin et al., 1993; Henderson et al., 1994; Yan et al., 1995) , this lack of neuroprotective effect of rhGDNF against apoptosis in cortical cultures is surprising. However, Sawada et al. (2000) recently described a similar lack of neuroprotection exerted by GDNF on mesencephalic neurons exposed to serum deprivation. To the best of our knowledge, there is no direct proof of an antiapoptotic effect of GDNF on cortical neurons in the literature. In vivo, although the neuroprotective effect of GDNF evidenced in rats subjected to focal cerebral ischemia was accompanied by a reduction of apoptotic markers, there was also an important reduction in edema formation, one of the landmarks of the necrotic pathway. These authors suggested that GDNF, by attenuating necrosis, could reduce the severity of the insult and, consequently, minimize the appearance of apoptotic markers . For these reasons, we determined the influence of rhGDNF incubation on cortical neurons exposed to an excitotoxic insult. Accordingly, cortical neuronal cultures were exposed to different glutamatergic ionotropic receptor agonists. Although the application of rh-GDNF failed to prevent AMPA/kainate receptor-mediated neuronal death, it did protect neurons against NMDA receptorinduced necrosis. Astrocytes do not seem to be necessary for the antiexcitotoxic activity of GDNF, because the beneficial effects against NMDA-induced neuronal death were still observed in pure neuronal cultures. We thus validated the previous observation of an antiexcitotoxic effect of GDNF demonstrated in a model of excitotoxicity induced by injection of glutamatergic agonists (Martin et al., 1995; Perez-Navarro et al., 1996; Ho et al., 2000) . We demonstrated that rhGDNF directly targets neurons to protect them against NMDA-induced insult.
We further characterized the influence of GDNF on excitotoxicity by demonstrating that pretreatment with PIPLC, an enzyme that specifically cleaves GPI linkages, blocks the beneficial effect of rhGDNF on NMDA-induced neuronal death. These results underline the implication of a GPI-anchored protein in the neuroprotection exerted by GDNF against excitotoxicity. The GDNF receptor, GFR␣-1, is a protein attached to the cell surface by a GPI link. Based on the above, it can be suggested that GFR␣-1 is necessary for GDNF to exert its neuroprotective activity against NMDA-induced neuronal death.
Molecular mechanisms of GDNF neuroprotective activity
Among the characteristic features of NMDA receptor activation, two have been particularly implicated in excitotoxicity: first, the initial rise in intracellular calcium concentrations (MacDermott et al., 1986) ; and second, the consequent production of free radicals (Coyle and Puttfarcken, 1993; Lafon-Cazal et al., 1993) . To investigate the mechanisms by which GDNF is neuroprotective, we tested the effect of rhGDNF application against free radical-induced neuronal death. rhGDNF failed to exert any effect against Fe 2ϩ -induced neuronal death, a paradigm of neuronal death totally blocked by the coincubation of the free radical scavenger: the cell permeant derivative of vitamin E, Trolox. The absence of effect of GDNF treatment on Fe 2ϩ -induced neurotoxicity demonstrates that GDNF is not neuroprotective by directly scavenging free radicals. However, we cannot exclude that GDNF is protective by reducing intracellular free radical production.
Our next step was to analyze whether rhGDNF incubation modulates calcium influx induced by the application of NMDA. When rhGDNF was applied to cortical neurons, the Ca 2ϩ influx induced by NMDA was reduced. Even after washing out GDNF, the NMDA receptor function is reduced, suggesting that the GDNF application triggered an intracellular signaling responsible for the modulation of the NMDA receptor function. This effect likely results from a reduction of NMDA receptor activity rather than from an enhanced Ca 2ϩ buffering or extrusion, because the same rhGDNF pretreatment did not modify KClinduced Ca 2ϩ influx. These results are in accordance with an increasing set of data that show a tight regulation of glutamatergic receptor function by growth factors (Cheng et al., 1995; Boxer et al., 1999) . Recent data have demonstrated that the activation of tyrosine kinase-coupled platelet-derived growth factor receptors produces a long-lasting inhibition of NMDA receptor function (Valenzuela et al., 1996) . Because the extent of neuronal injury is directly correlated with the intracellular concentration of Ca 2ϩ (Hartley et al., 1993) , our results may reflect the mechanism through which GDNF protects neurons against the toxicity mediated by the NMDA receptor overstimulation.
Finally, we investigated the intracellular signaling pathways involved in the neuroprotective effect of GDNF. Many effects of GDNF are known to be mediated by the activation of the Ras-MAPK pathway (Messer et al., 1999; Ren et al., 1999) . Accordingly, we hypothesized that the neuroprotective effect of GDNF might be mediated by the activation of the ERKs pathway. To test this, we blocked the ERKs pathway by using a selective inhibitor of MEK, U0126. We demonstrated that the coapplication of U0126 blocks the activation of the ERKs and the neuroprotection induced by GDNF on an NMDA-mediated insult, as well as the GDNF-related reduction of the NMDA-induced calcium influx. The present observation that activation of ERKs may lead to neuronal survival is consistent with the previous report of Singer et al. (1999) in which the MAPK pathway mediates estrogeninduced neuroprotection after glutamate toxicity in primary cortical neurons. Together, these results demonstrate that GDNF, through the activation of the ERKs pathway, modulates the level of activity of the NMDA receptors. This modulation leads to a reduction of Ca 2ϩ influx, which consequently helps to restore Ca 2ϩ homeostasis and prevents neuronal death.
In conclusion, the present study reveals that the binding of GDNF to its neuronal receptors induces the activation of ERKs, leading to a reduction of the NMDA-mediated Ca 2ϩ influx. Further investigations are required to determine the link between ERKs activation and the down-modulation of NMDA receptor activity. Regarding the neuroprotective profile of GDNF on apoptosis and necrosis described in this study, it can be suggested that to be beneficial in the treatment of cerebral ischemia, GDNF would have to be administered in the early phase of stroke, when excitotoxicity is predominant. An increase in GDNF expression has been detected in both CNS and PNS, not only in several paradigms of acute injury such as cerebral ischemia but also in models reproducing neurological diseases such as Huntington's disease and amyotrophic lateral sclerosis (Yamamoto et al., 1998; Grundstrom et al., 1999) . Consequently, the inhibitory actions of GDNF on NMDA receptor function, as evidenced in the present study, could represent an efficient way to reduce the extent of excitotoxic neuronal death in these pathophysiological situations.
